Purpose This study aimed to describe the prenatal and postnatal neuroimaging and clinical findings in a clinical series following congenital Zika virus syndrome during the first epidemic Zika virus (ZIKV) outbreak in the State of Pernambuco, Brazil. Methods We (the authors) conducted a retrospective study of a prospectively collected case series of fetuses and neonates with microcephaly born to mothers with presumed/confirmed congenital ZIKV syndrome. Prenatal ultrasound findings were reviewed to identify potential central nervous system (CNS) abnormalities. Neonates underwent postnatal neuroimaging follow up by computed tomography (CT)-scan or magnetic resonance (MR) imaging. Results The prenatal and postnatal outcomes of eight fetuses/neonates born to mothers with presumed/confirmed congenital ZIKV syndrome were examined. The mean gestational age at ultrasound was 31.3 weeks. Severe microcephaly was identified in seven fetuses (87.5%), while ventriculomegaly and brain calcifications were detected in all fetuses. The mean gestational age at delivery and head circumference were 38 weeks and 30.2 cm, respectively. All cases of microcephaly but one was confirmed postnatally. Brain CT scans or MRIs were performed in seven newborns, and all had periventricular and/or parenchymal calcifications, symmetrical or asymmetrical ventriculomegaly, pachygyria, and reduced sulcation and gyration. MR imaging aided the detection of one undetected case of corpus callosum dysgenesis and was essential in documenting reduced mantel of the cerebral cortex and reduced gyration and sulcation, especially involving the parietal lobe. In addition, MR imaging was also able to display irregular interfaces with the subcortical white matter, a finding consistent with polymicrogyria, more frequently seen at the level of the frontal lobe and atrophic and thinned pons. Conclusion Severe microcephaly and CNS abnormalities may be associated with congenital ZIKV syndrome.
Introduction
Although the pathogenesis of microcephaly-associated congenital Zika virus syndrome (CZS) has not been fully elucidated, it is postulated that Zika virus (ZIKV) infects the fetusproducing chronic placentitis with virus dissemination to the developing brain as pregnancy progresses. The damage to neural progenitor cells (NPCs) together with inhibition of cell proliferation, differentiation, and neuronal apoptosis as the end-stage might explain the mechanism of the reduced cerebral cortex associated with microcephaly (Bsmall head^) [1] [2] [3] . Although in many cases CZS does not produce specific neuroimaging findings, it is of vital importance that neuroradiologists be aware of some diagnostic clues that correlate with CZS such as asymmetric microcephaly, collapsed aspect of the skull with overlapping sutures and prominent occipital bones, redundant and folded occipital skin (Cutis verticis gyrata), or herniation of the orbital fat to the skull with phenotypic malformation of the head of the fetus and neonate [4] .
The aim of this study is to describe the prenatal and postnatal neuroimaging findings in fetuses and neonates with microcephaly and brain abnormalities born to mothers with presumed/confirmed CZS diagnosed at the time of the first epidemic outbreak of ZIKV in the State of Pernambuco, Brazil.
Materials and methods
We (the authors) conducted a retrospective study of a prospectively collected case series of fetuses and neonates with microcephaly born to mothers with presumed/confirmed congenital ZIKV syndrome. The study was undertaken between July 2015 and April 2016 at the Centro Integrado de Saúde Amaury Medeiros (CISAM/UPE) of Pernambuco University (UPE). The mothers were all from Pernambuco State (Brazil) mainly from the metropolitan area of Recife city. The study was approved by the ethics committee (number CRM 8539), and all mothers participating in this study gave signed informed consent.
The prenatal ultrasound and postnatal CT scans and MR imaging findings of fetuses/neonates born to mothers who had had a maculopapular rash and presumed or confirmed congenital ZIKV syndrome (CZS) were followed up.
CZS was defined according to the Brazilian Ministry of Health guidelines [5, 6] . At the time of study, the laboratory test for ZIKV was performed under research conditions, with diagnostic kits provided by the Centers for Disease Control and Prevention (CDC), Atlanta (USA). Exclusion criteria were positive TORCH (toxoplasmosis, others, rubella, cytomegalovirus, herpes) and dengue virus (DENV) serology, genetic abnormalities, primary microcephaly, and teratogens.
The ultrasound examinations were performed by a boardcertified operator (PP) using 2D/3D ultrasound apparatus equipped with both transabdominal and transvaginal realtime high-frequency probes. The fetal growth parameters were assessed according to the International Society of Ultrasound in Obstetrics and Gynecology (ISUOG) guidelines [7] while the estimated fetal weight (EFW) was assessed using the Hadlock's 3 formula [8] . Mild to moderate microcephaly (small head) was defined as a head circumference (HC) below the value of the mean − 2 and − 3 standard deviations (SD) (HC < 32 cm) [9] while severe microcephaly (small brain) as an HC below the value of the mean − 3 SD for the expected gestational age [10] (HC < 28 cm). All fetuses underwent a thorough ultrasound examination including a detailed neuroscan, and all images were saved and stored on an optical disk for further offline analysis. Mild, moderate, and severe ventriculomegaly (hydrocephalus) was defined as a posterior horn measurement between 10 and 12 mm, 13 and 15 mm, and > 15 mm, respectively [11] .
All the fetuses included in the study underwent serial (fortnightly) ultrasound until delivery, and CT scans or MR imaging were arranged postnatally in neonates, with a mean time period of 2 months. A 64-slice CT scanner (Brilliance 64, Philips Medical System, Best, The Netherlands) and a 1.5 T I n t e r a s c a n n e r ( P h i l i p s M e d i c a l S y s t e m , B e s t , The Netherlands) were used. No protocol or clinical guidelines were available from the WHO (World Health Organization) or the PAHO (Pan American Health Organization) at the time of the study.
Results
Neuroimaging data from eight mothers with presumed/ confirmed congenital ZIKV syndrome were reviewed. The ZIKV test was positive in half of the mothers while DENV serology was negative in all cases. In 62.5% of mothers, a clinical finding of a maculopapular rash was present during the first trimester of pregnancy. The gestational age at prenatal neuroscan was 31.3 ± 10.7 weeks (23.7-38.9) of gestation.
Ventriculomegaly and parenchymal calcifications were detected in all cases at prenatal ultrasound: in one fetus, brain calcifications were associated with cerebellar vermis hypoplasia.
The ultrasound examination of the fetal profile identified, on a sagittal plane, an oblique frontal bone (so-called elusive profile) and an excess of redundant and folded skin, particularly in the occipital region (Cutis verticis gyrata) in six fetuses (75%) (Fig. 1) .
Extracranial abnormalities were polyhydramnios (two cases, defined as an amniotic fluid index > 25 cm) and arthrogryposis multiplex congenita (1 case).
Micrencephaly was diagnosed at prenatal ultrasound in 87.5% of overall cases of microcephaly, and the calculated mean ± SD of HC values was 30.2 ± 5.3 cm (26-34).
Postnatal CT scans or MR imaging were performed in seven out of eight neonates, and all of them had periventricular and/or parenchymal calcifications, symmetrical or asymmetrical ventriculomegaly, pachygyria and reduced sulcation, and gyration (case no. 1 in Fig. 2 and case no. 5 in Fig. 3 ). Compared with prenatal ultrasound, CT scanning was able to detect in the neonates two extra cases of cerebellar vermis hypoplasia and one case of corpus callosum dysgenesis that was undetected at the prenatal neuroscan (Fig. 4 , case no. 7).
The serology test for ZIKV was performed in three neonates (37.5%), and all of them were positive; the RT-PCR test on blood for ZIKV was performed in only one neonate with positive result whereas RT-PRC on cerebro-spinal fluid (CSF) performed in five (62.5%) neonates was positive in all cases. All the newborns with positive RT-PRC on CSF showed severe microcephaly after birth. Table 1 summarizes the main prenatal and postnatal outcomes of eight fetuses and neonates born to mothers with presumed/confirmed congenital ZIKV syndrome.
Discussion
Congenital ZIKV syndrome has the potential to cause damage to the neural progenitor cells (NPCs) at different stages of fetal development [9] , inducing apoptosis and cell death [12] .
The spectrum of the neuropathology caused by CZS is wide and non-specific. The virus may cause brain damage at different levels, involving the cerebral cortex (calcifications, pachygyria, lissencephaly, and reduced gyration), the corpus callosum, and the cerebellar vermis. This neuropathology may represent a disruption in brain development rather than destruction of the brain [13] . When microcephaly is encountered at the prenatal scan, particularly if associated with brain abnormalities, the maternal serology test to exclude ZIKV, DENV, or chikungunya (CHIKV) viruses should be carried out. In addition, fetal MR imaging may be arranged, where available, as a complementary diagnostic investigation and genetic testing should be performed to exclude primary microcephaly, where indicated [13] .
Recommendation for routine diagnosis of ZIKV infection in neonates includes detection of the viral RNA by RT-PCR, detection of ZIKV-specific IgM antibodies using ELISA followed by PRNT (plaque reduction neutralization test) confirmation in case of positive ELISA, and exclusion of other Flaviviruses [14, 15] . Since maternal IgM antibodies do not cross either the placenta or the blood-brain barrier, detection of virus-specific IgM in the cerebro-spinal fluid is considered diagnostic for congenital ZIKV syndrome acquired during pregnancy [16] . In a previous series of 19 cases of congenital ZIKV syndrome in Ceará State, microcephaly was identified in all cases, being of the severe type in 76.3% overall. Furthermore, brain malformations were present in 17 cases with 7 fetuses showing extracranial abnormalities [17] . On the other hand, Sarno et al. [18] identified microcephaly in only 7.7% of cases studying 52 fetuses with presumed CZS in Bahia State, Brazil. In these series, the main ultrasound findings were ventriculomegaly (65.4%), cerebral calcifications (44.2%), and posterior fossa abnormalities (32.7%) while 9.6% presented with arthrogryposis as an associated finding.
Although our study is a small case series, it represents an overview over the clinical and diagnostic efforts made to characterize the CZS at the time of the onset of the first ZIKV outbreak in Pernambuco State. At that time, the serology test for ZIKV was supported only by research funding and even at present, a great many mothers do not have access to the serology test and/or the ZIKV test is not available to healthcare providers.
The high incidence of severe microcephaly seen in our series (87.5%) is in agreement with previous findings by Carvalho et al. [17] opposite to reports by Sarno et al. (7.7%) [18] . This significant difference might be partly explained by the fact that in the latter case, only mothers with suspected and not confirmed CZS were analyzed. A second explanation might be that the higher incidence of severe microcephaly seen in our series may be an expression of a particular pathogenic strain of ZIKV or be the result of long viral shedding. Finally, neonates with a positive CSF RT-PCR test had severe microcephaly in 80% of cases.
Prenatal neuroimaging identified ventricular enlargement and brain calcifications as the most common specific brain abnormalities. Postnatal CT scan and MR imaging improved the diagnostic accuracy of brain abnormalities compared with prenatal ultrasound. While CT scanning enabled the detection of two extra cases of cerebellar vermis hypoplasia, MR imaging allowed the detection of a corpus callosum dysgenesis, undetected prenatally. Moreover, postnatal MR imaging was essential in documenting supratentorial ventricular enlargement and reduced mantel of the cerebral cortex. Furthermore, its role was critical in demonstrating reduced gyration and sulcation, especially involving the parietal lobe. MR imaging was also able to display irregular interfaces with the subcortical white matter, a finding consistent with polymicrogyria, more frequently seen at the level of the frontal lobe and mild brain hypoplasia (the pons was thin and atrophic).
Although in our series there were two cases of preterm birth (25%), the selected criteria of HC < 32 cm (which corresponds almost to − 2 standard deviations below the mean for both boys and girls at term) as a diagnostic cutoff value for microcephaly can be considered appropriate, even if this threshold might include normally developed neonates in some cases. CZS seems to be associated with a specific process of skull deformation, an important finding for neuroradiologists as it may represent two diagnostic clusters of the congenital dise a s e : t h e i n i t i a l l y e n l a rg e d f e t a l h e a d ( d u e t o ventriculomegaly) undergoes further collapse as gestation advances [19] , a finding contributing to the so-called elusive profile and redundant skin (Cutis verticis gyrata) in the occipital region.
Our series is in agreement with previous observations [17, 20, 21] that CZS may be associated with neuroimaging findings of multiple brain abnormalities and to severe types of microcephaly, especially when the disease is acquired during the early stage of fetal development, where rapid brain growth occurs.
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